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Theophylline and Melanocyte-Stimulating Hormone: Effects on Uveal 
Melanocytes of Adult Rhesus Eyes 
FuNAN Hu, M.D., DINAH J. TERAMURA, B.S., AND KuNIE MAH, M.T. 
Oregon Regional Primate Research Cente1~ Beaverton, Oregon, U.S.A. 
The effects of theophylline and melanocyte-stimulat-
ing hormone (MSH) on cultured uveal melanocytes from 
the eyes of normal adult rhesus macaques were studied 
by light and electron microscopy and by dopa cytochem-
istry. The principal effects were changes in melanosome 
ultrastructure and an increased complexity of Golgi-as-
sociated vesicles and cisternae filled with dopa reaction 
products. The changes were more extensive in iris cells 
and less remarkable in choroid cells. The effects of theo-
phylline were more pronounced than those of MSH. Our 
data suggest that normal iridial melanocytes, as do me-
lanogenic murine melanoma cells, respond to theophyl-
line or MSH by increasing tyrosinase synthesis, tyrosin-
ase transfer, and melanization. 
In a previous study we showed that both theophylline and 
melanocyte-stimulating hormone (MSH) enhance melanogen-
esis in Bl6 melanoma cells in culture by activating tyrosinase 
synthesis and its transfer, but neither affects the synthesis of 
the orderly aligned, internal lamellar structure ofmelanosomes. 
Their pigmenting effects appear to be limited to melanogenic 
cells and result from a marked increase, particularly in theo-
phylline-treated cells, in granules similar to pheomelanosomes 
[1]. To find out whether or not normal melanocytes respond 
similarly, we have examined the effects of theophylline and 
MSH on rhesus uveal melanocytes in culture. 
MATERIALS AND METHODS 
Tissue Culture 
Eyes from adult rhesus macaques (Macaca mulatta), varying from 
3 to 10 years of age and killed for various experiments at the Oregon 
Regional Primate Research Center, were used. The method of collecting 
irides and choroid-retina has been described elsewhere [2). Briefly, the 
optic nerve was cut off from the posterior pole of the eyeball, and the 
eyes were quartered by cuts posteroanteriorad from the excision site of 
the nerve. The choroid with attached retinal pigment epithelium and 
the iris were collected separately after the ciliary body in between had 
been cut off and the lens, cornea, sclera, and sensory retina had been 
removed. The tissues were minced in a trypsin-collagenase solution (3 
parts of 0.25% trypsin and 1 part of 0.01% collagenase) and dissociated 
with a magnet stirrer for 15 min at 37°C. The cells were centrifuged, 
and the pellets were resuspended in Eagle's minimal essential medium 
supplemented with 10% fetal calf serum and antibiotics. The cells were 
seeded into Falcon plastic T-30 culture flasks or 35- to 60-mm culture 
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dishes and incubated in a humidified C02 chamber at 37°C. Cytosine 
arabinoside (75 /Lg/ ml, Sigma) was added either at the beginning of the 
culture or on the day after to inhibit the growth of the rapidly growing 
fibroblasts and endothelial cells. 
Treatment 
When the cells became attached to the bottom of the culture vessels 
(usually after 2- 3 days for choroidal cultures, and sometimes after 5- 7 
days for iris cultures), the medium was replaced with fresh medium 
containing 0.02-5 /Lg of MSH/ ml (a-MSH, Lot No. BA 33761, a gift 
from Ciba Pharmaceutical Co.) or 1-1.5 mM theophylline (1,3-dime-
thylxanthine, Sigma). The control cultures were fed fresh medium 
without the test agents. All cultures were fixed at the end of 48-72 h for 
light and electron microscopy. 
Microscopy 
For light microscopy, the cultures were examined either live or after 
being fixed in 10% buffered neutral formalin. Photomicrographs of 
living cultures were taken as permanent records. 
For electron microscopy, the cultures were fixed in situ with 2.7% 
glutaraldehyde in 0.05 M phosphate buffer (pH 7.4) for 45 min, washed 
briefly in phosphate buffer, and incubated in dopa (0.1% L-,8-3,4-dihy-
droxyphenylalanine [Sigma]) in 0.1 M phosphate buffer plus 7% sucrose 
for 5 h at 37°C. At the end of dopa incubation, the cells were washed 
and placed in the fixative overnight at 4°C. The next day they were 
washed and osmicated in 1% Os04 in cacodylate buffer and sucrose (pH 
7.4) for 90 min at 4°C. The cells were dehydrated and embedded in 
Epon 812 as described elsewhere [3]. Controls were incubated in phos-
phate buffer without dopa; otherwise they were prepared in the same 
way. 
Because uveal melanocytes of adult rhesus eyes m·e already highly 
pigmented, it is difficult to be certain of a positive dopa reaction with 
a light microscope. Laties and Lerner [4] have demonstrated, by a 
moilified Pomerantz method, tyrosinase activity in adult iris tissues. 
Because of the small size of the cultured cell specimens, it is technically 
difficult to accurately assay them with the Pomerantz assay. Demon-
stration of dopa reaction products in the Golgi-associated vesicles and 
cisternae by an electron microscopic, dopa cytochemical technique is 
by far the most reliable way to confirm the existence of an active 
enzyme in these cells. The effects are consistent and reproducible, and 
can be compared in a semiquantitative way even though they cannot 
be expressed numerically. 
115 
RESULTS 
Primary cultures of the iris or choroid-retinal pigment epi-
thelium consist of stromal melanocytes, fibroblasts, endothelial 
cells, blood cells, and pigmented epithelial cells. The nonpig-
mented stromal cells, i.e., fibroblasts and endothelial cells, were 
reduced to a minimum by cytosine arabinoside in the culture 
media [5]; cytosine arabinoside did not affect the viability or 
ultrastructure of the uveal melanocytes. We have successfully 
used this agent for the past several years to eliminate the 
quickly proliferating cells such as fibroblasts and endothelial 
cells and thus obtain a relatively pure culture of melanocytes. 
In culture, stromal melanocytes of the uvea are scattered 
singly among non-pigment-forming cells such as fibroblasts and 
endothelial cells. By contrast, the pigmented epithelial cells of 
the iris or the retina grow as aggregates. In addition to this 
difference in growth pattern, there are melanosomal differences 
in shape and size [3,6,7] between iridial melanocytes and pig-
mented epithelial cells. In this study, we limited our observa-
tions to stromal melanocytes. 
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Light Microscopy 
Treatment with 1-1.5 mM theophylline for 48-72 h changed 
the P?lydendritic choroidal melanocytes (Fig lA) into large, 
platelike cells (Fig 1B). The MSH at 0.02 !Lg/ml or 5 !Lg/ml for 
48-72 h had a similar but much less pronounced effect (Table 
I). 
Iridial melanocytes did not change significantly in shape or 
size, but they did become darker owing to an increase in black 
round pigment granules in the cytoplasm, with theophylline o; 
MSH. 
Electron Microscopy 
The principal effects of theophylline and MSH on uveal 
melanocytes were ultrastructural changes in melanosomes. The 
·' " 
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FIG 1. Choroidal melanocytes from an adult rhesus macaque: 15-
day living culture (bars= 0.1 mm). Note the predominance of large, 
platelike pigmented cells in the theophylline-treated (1.5 mM) culture 
(B) and the small ovoid, bipolar, and dendritic cells in the untreated 
control (A). 
TABLE I. Distribution of choroidal melanocytes of various shapes 
and sizes in cultures treated with theophylline or melanocyte-
stimulating hormone (MSH)" 
Distribution 
'Treatment Large, Small, Small, Total platelike round bipolar 
or ovoid or dendritic 
Control 1'/4 7 123 44 
(4.0%) (70.7%) (25.3%) 
Theophylline 166 59 104 3 
(35.5%) (62.7%) (1.8%) 
MSH 166 24 69 73 
(14.5%) (41.5%) (44%) 
"Choroidal melanocytes from the eyes of a 6-year-old rhesus ma-
caque. The responses of individual monkeys vary: the percentage of 
platelike cells may be as high as 70% in some theophylline-treated 
samples (for example, cells of the monkey in Fig 1B). Generally, it is in 
the 40-50% range. 
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changes were minimal in choroidal melanosomes, but striking 
in iridial granules (Fig 2A,B). 
Changes in iridial melanocytes after theophylline treatment 
can be summarized as follows (Figs 2B, 3B): 
1. Marked vacuolization of melanosomes 
2. Increases in myelin-like figures, thick fibers, and small 
vesicles (similar to those precursors of vesiculoglobular 
bodies [VG bodies] described by Jimbow et al [8,9] inside 
the vacuolated melanosomes) 
3. Fusion of melanosomes to form melanosome complexes 
4. Deposition of electron-dense material onto the fused or 
single melanosome to form granules with VG bodies 
5. Increased complexity of Golgi-associated vesicles and cis-
ternae filled with dopa reaction products (Fig 3A,B) 
These changes were also seen, to a much lesser extent, in 
untreated iridial cells (Figs 2A, 3A ), as well as in cells treated 
with MSH. 
After theophylline, the melanosomes became vacuolated, 
apparently owing to ballooning of the melanosome membranes. 
In the vacuoles there were lamella ted or myelin-like figures and 
compound granules- formed by the fusion of smaller granules. 
Some vacuoles contained orderly arranged or irregularly dis-
posed thick fibers similar to those seen in stage III melano-
somes. Some had small vesicles similar to the early VG bodies 
(Fig2B). 
After dopa incubation (Fig 3B), we observed darkening of 
the long granules, and increased complexity of the vesicles and 
cisternae in the Golgi areas, which were made more apparent 
by their electron-dense dopa reaction products. In addition, we 
found increased electron density, similar to the dopa reaction, 
along the membranes of some of the vacuoles in the form of 
rings or crescents. Although these ring- or crescent-like densi-
ties were sometimes seen in untreated cells (Fig 3A), they were 
much darker and more numerous in the theophylline-treated 
cells. The vacuolization effect of theophylline was much more 
pronounced in the iridial stromal melanocytes than in the 
choroidal melanocytes. The markedly electron-dense melano-
somes (with or without VG bodies) of choroidal melanocytes 
showed little change in density; a few less solid granules in 
which thick fibers-similar to, but not as regularly arranged as, 
those seen in stage III melanosomes-were observed. In addi-
tion, there were some fusions of granules toward the formation 
of melanosome complexes. The dopa reaction products were 
present in the Golgi-associated vesicles and cisternae, but they 
were not markedly increased. In essence, the changes in cho-
roidal melanocytes were minimal and unremarkable, defmitely 
of less magnitude than the changes in iridial melanocytes of the 
same monkey. 
DISCUSSION 
In rhesus eyes there are at least two types of melanin gran-
ules: (a) thin, long filamentous granules in melanocytes of the 
iris stroma, and (b) large, round or ovoid granules in choroidal 
melanocytes and in pigmented epithelium (PE) of the uvea and 
the retina. The types of granules that cells of different types 
contain appear to vary in different stages of an animal's life 
[3,6,7]. . 
Melanosomes in the PE of iris contain mostly melanized 
ovoid granules, particularly in the posterior epithelium, where 
the granules are relatively uniform in size, shape, and deg1·ee of 
melanization. They are predominantly stage IV melanosomes 
and show concentric rows of electron-lucent areas (VG bodies 
as described by Jimbow et al [8,9]). 
In sections of an eye, iridial melanocytes that are closer to 
the PE layer often have more of these large, ovoid g1·anules 
than those farther away from the PE. This observation suggests 
that the large, ovoid granules originate from the PE and are 
transferred to or phagocytosed by iridial melanocytes in the 
vicinity. Alternatively, these granules could have been formed 
in melanocytes as the cells matured, as is the case with choroidal 
melanocytes. Choroidal melanocytes become identifiable later 
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than iridial cells. The granules of choroidal melanocytes uni-
formly are similar to those in the PE. Their shape and size 
remain stable until monkeys grow older. Melanosomes in aging 
choroidal melanocytes are also vacuolated [10], but their 
changes are quite different from those in iridial granules after 
theophylline treatment. 
The marked increase in the complexity of Golgi-associated 
vesicles and cisternae and the increase in dopa reactivity 
strongly suggest an enhancement of melanogenic activity in 
these melanocytes in response to theophylline and MSH. These 
responses ru·e similar to those observed in murine melanoma 
cells [1]. Because adult choroidal melanocytes are only mini-
FIG 2. Iridial stromal melanocytes from an adult rhesus macaque 
(bars= 1 1un). A, Untreated. Note the long melanosomes with well-
oriented parallel arrays of fibrils enclosed in a single unit membrane. 
The melanosomes are similar in electron density, size, and shape. They 
are mostly singles; occasionally, two granules fuse (arrow). B , Theo-
phylline, 1.5 mM. Note the marked irregularities in the size and shape 
of melanosomes. Generally, the melanosomes are much more electron-
opaque and wider (because of fusions of 2 or 3 melanosomes) than 
those in A . The outlines of some melanosomes are studded with VG 
bodies of various electron opacities (large arrows). Several melano-
somes are swTounded by large spaces, which appear to have resulted 
from ballooning of melanosome membranes (small arrows). Some of 
these spaces appear empty; some contain small vesicles similar to those 
described as VG bodies (arrowhe-:.ds); and some are occupied by, in 
addition to melanosomes, lamellar bodies or myelin-like figures, small 
vesicles, amorphous deposits, or irregularly disposed thick fibers. These 
may be present singly or in any combination inside the vacuoles. The 
cytoplasm is rich in ribosomes, which occur either freely in small 
aggregates or attached to the endoplasmic reticulum. 
mally melanogenic, their responses to theophylline or MSH 
treatment are also minimal. Choroidal melanocytes, however, 
do respond to theophylline and MSH by changes in shape; they 
become larger (probably not a volume increase; they appear 
larger because they are more flattened) and platelike (a de-
crease in the lengths of dendrites). 
Normal melanocytes during development change from small, 
round or ovoid cells to bipolru·, polydendritic cells, and fmally, 
to large, platelike cells with short or no processes. Mouse 
melanoma cells undergo sirnilru· changes in size and shape 
during their growth. Many more lru·ge, platelike epithelioid cells 
apperu· in cultures with overcrowding or other adverse condi-
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FIG 3. Iridial melanocytes of an adult rhesus macaque: dopa reaction (uars = 111m). A, Untreated. Note the dopa reaction products in vesicles 
around the Golgi areas (arrows). B, Theophylline, 1.5 mM. Note the extensive Golgi complexes (G) and increased amount of dopa reaction 
products in the Golgi-associated vesicles and cisternae (arrows). C = centriole, N = nucleus. 
tions [11]. These cells do not survive subculture and are clas-
sified as nonproliferating terminally differentiated cells or se-
nescent cells near the end of then: life span. We believe they are 
comparable to platelike choroidal melanocytes under the influ-
ence of theophylline. The change in the latter appears to be 
time- and dose-related; it occurs more regularly when the 
exposure to theophylline is prolonged or the dose is high 
(unpublished data). 
This change in size or shape is not apparent in iridial mela-
nocytes. Instead, these cells respond to theophylline with in-
creased dopa reactivity in the Golgi-associated vesicles and 
cisternae and with increased fusion and melanization of mela-
nosomes. These changes-responses of melanocytes to melan-
ogenic stimuli-indicate cell maturation; similar changes occur 
regularly in murine melanoma cells after theophylline treat-
ment. 
We suggest that iridial melanocytes of rhesus adults, even 
though not as actively proliferative as murine melanoma cells, 
are physiologically more similar to melanogenic murine cells 
than nonproliferating, weakly melanogenic or nonmelanogenic, 
terminally differentiated choroidal melanocytes. Thus, it is not 
smprising that the responses to theophylline of mmine mela-
noma cells resemble those of rhesus iridial melanocytes more 
closely than they resemble those of choroidal cells. We previ-
ously reported that theophylline enhances melanogenesis of 
melanoma cells by activating tyrosinase synthesis and its trans-
fer without increasing the synthesis of the .well-organized eu-
melanosome matrix. Our data reported here suggest similar 
responses occm in normal iridial melanocytes. When we treated 
either normal iridial melanocytes or melanoma cells with theo-
phylline, we found a few vacuoles containing VG bodies whose 
presence might be considered evidence of new melanosome 
formation (Fig 2B and Fig 1 in [1]), but their numbers were not 
significantly greater than those in untreated cells. 
Many investigators have described melanosome polymor-
phisms in both neoplastic and dysfunctional pigment cells [12-
16]. They are not commonly seen in normal melanocytes. 
Theophylline increases the number of polymorphous melano-
somes in cultured B16 melanoma cells [1]. Theophylline treat-
ment of normal iridial melanocytes produces melanosomes sim-
ilar to those observed in neoplastic pigment cells. Thus, the 
effects of theophylline on normal and neoplastic pigment cells 
appear to differ in degree, but not in character. The changes 
most likely are expressions of alterations in melanogenic pro-
cesses rather than of neoplastic transformation. That we ob-
served them only minimally in cells not actively involved in 
melanin synthesis (e.g., adult choroidal melanocytes [17]) and 
more fully in melanogenic cells explains, at least in part, why 
the changes are much more prevalent in neoplastic cells. 
Ultrastructmally, mmine melanosomes under the influence 
of theophylline resemble pheomelanosomes more than eume-
lanosomes [1]. In rhesus macaques, the long granules of iridial 
melanocytes either fuse or balloon out; eventually, these, with 
melanin deposition, become large melanosomes like those of 
the PE or of choroidal melanocytes. Both normal melanocytes 
of rhesus macaques and malignant melanoma cells of mice 
appear to respond to theophylline by increasing tyrosinase 
activity and melanin formation [1,18] . These observations sug-
gest that, within limits, melanoma cells in culture are valid 
substitutes for normal melanocytes in studies on the biology of 
pigment cells. 
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y-Glutamyl Transpeptidase, Tyrosinase, and 5-S-Cysteinyldopa 
Production in Melanoma Cells 
MANOJ MoJAMDAR, M.Sc., PH.D., MASAMITsu lcHIHASHI, M.D., PH.D., AND YuTAKA MrsHIMA, M.D., PH.D. 
Department of Dermatology, Kobe University S chool of M edicine, Kobe, Japan 
The distribution of y-glutamyl transpeptidase (y-GTP), 
tyrosinase, and 5-S -cysteinyldopa (5-S-CD) within mel-
anoma cells has been studied in vitro as well as in vivo. 
Sodium periodate treatment of intact B -16 melanoma 
cells has been found to inhibit y-GTP present as an 
ectoenzyme. However, these periodate-treated cells in 
the presence of 10-5 M dopa and glutathione have been 
found to continue to secrete large quantities of 5-S-CD 
in their medium. The large-granule fraction of Greene's 
melanotic melanoma contains substantial amounts of 
both tyrosinase and y-GTP. However, further separation 
of the large-granule fraction into sub-fractions indicates 
that tyrosinase and y-GTP seem to co-exist with preme-
lanosome. It is suggested that glutathione-dependent 5-
S-CD genesis proceeds within premelanosomes through 
the formation of glutathione-dopa. The excess of gluta-
thione-dopa and 5-S -CD, unutilized for pheomelanin for-
mation overflow into the cytoplasm. 
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In recent years a large number of sulfur-containing amino 
acids have been discovered to be present in melanin-producing 
cells. Among these 5-S-cysteinyldopa (5-S-CD) is of great in-
terest to biologists and clinicians. This amino acid is believed 
to be the basic building material of pheomelanin and is present 
in substantial quantities in human as well as animal melanomas 
[1,2], and is also excreted in large quantities in the urine by 
metastatic melanoma patients [3]. Two pathways have been 
hypothesized for the synthesis ofthis amino acid within pigment 
cells. One involves the nucleophilic addition of cysteine to 
tyrosinase-catalyzed dopaquinone to form 5-S-CD. The other 
involves the addition of glutathione to dopaquinone to form 
glutathione-dopa, which is then converted to 5-S-CD. Consist-
ent with these two predicted pathways, Ito and Prota [ 4] have 
shown that in the presence of dopa and cysteine, the in vitro 
noncellular mushroom tyrosinase-catalyzed reaction yields 
large quantities of 5-S-CD. Similarly, Rorsman and his group 
[5] have synthesized glutathione-dopa by replacing cysteine 
with glutathione in the mushroom tyrosinase system. Further, 
they [6] have also shown that dialyzed melanoma and kidney 
homogenates are capable of converting glutathione-dopa to 5-
S-CD. 
Our studies on the biosynthetic pathway of 5-S-CD genesis 
in cultured melanoma cells have shown that in the presence of 
dopa and cysteine, media incubated without cells still form 
moderate amounts of 5-S-CD by the a utooxidation of dopa 
[7]. In the presence of dopa and glutathione, only cells contain-
ing media were found to secrete this amino acid. However 
when the concentration · of glutathione was increased to mor~ 
than 1:1 with respect to dopa on the molar basis, there was an 
acute drop in the secretion of 5-S-CD into the medium by these 
melanoma cells. These findings indicate that glutathione-dopa 
is further converted to 5-S -CD within these melanoma cells by 
enzymes involved in the metabolism of glutathione such as y-
glutamyl transpeptidase (y-GTP) . Recently we have found that 
Greene's amelanotic melanoma, which is derived from the 
